The architecture and musculotopic organization of the facial motor nucleus in the Cebus apella monkey (a New World primate) were investigated using histological techniques and a multiple labelling strategy, in which horseradish peroxidase-conjugated neuroanatomical tracers (CTB-HRP and WGA-HRP) and fluorescent tracers were injected into individual facial muscles. The facial motor nucleus was formed by multipolar motoneurons and had an ovoid shape, with its rostrocaudal axis measuring on average 1875 µ m. We divided the nucleus into four different subnuclei: medial, intermediate, dorsal and lateral. Retrograde labelling patterns revealed that individual muscles were innervated by longitudinal functional columns of motoneurons. The columns of the orbicularis oculi, zygomaticus, orbicularis oris, auricularis superior, buccinator and platysma muscles were located in the dorsal, intermediate, lateral, medial, lateral and intermediate subnuclei, respectively. However, the motoneuron columns of the levator labii superioris alaeque nasi muscle and frontalis muscle could not be associated with a specific subnucleus. The present results confirm previous studies regarding the musculotopic organization of the facial motor nucleus. However, we observed some particularities in terms of the relative size of each column in C. apella , which might be related to the functional and behavioral importance of each muscle in the particular context of this primate.
Introduction
Facial expression is one of the most important forms of communication observed in primates, and is associated with the ability to vocalize and gesticulate and is supported by a delicate cutaneous musculature innervated by the facial nerve (Weigel, 1979) . The facial motor nucleus (7Mot) is the source of nervous impulses to the musculature of facial expression. In primates, the neuronal organization of the 7Mot is only partially known.
The cytoarchitectonic division of the 7Mot and the representation of the facial nerve branches and muscles of facial expression within this nucleus have been studied in various non-primate species: opossum (Provis, 1977) , cat (Kume et al. 1978) , mouse (Ashwell, 1982) , bat (Friauf & Herbert, 1985) , rabbit (Baisden et al. 1987 ) and rat (Tsai et al. 1993) . The musculotopic organization of the 7Mot has been investigated using different techniques, such as identification of anterograde degeneration of the neuromuscular junction after introducing small lesions in the 7Mot (Szentágothai, 1948) , identification of retrograde degeneration induced in different portions of the nucleus after sectioning the branches of the facial nerve (Courville, 1966; Dom et al. 1973 ), determination of cholinesterase activity after selective sectioning of the facial nerve peripheral branches (Dom et al. 1973) , and antidromic activation (Martin & Lodge, 1977) . The use of retrograde tracers has provided a more precise picture regarding the subdivisions of the 7Mot and the nuclear representation of the facial musculature (Ashwell, Satoda et al. 1987; Costa-Llobet et al. 1988; Welt & Abbs, 1990; Tsai et al. 1993) . One factor that might explain this discordance is the experimental approach used in some of these studies, which was mainly based on the lesion or injection of neuroanatomical tracers into the motor branches of the facial nerve and not directly into the different facial muscles. According to Hinrichsen & Watson (1984) , this method might impose an artificial musculotopic organization. This assumption is supported by studies showing that nerve fibres inside the branches of the facial nerve originate from more than one subnucleus (Jenny & Saper, 1987; Satoda et al. 1987; Tsai et al. 1993) and that the muscles of facial expression are innervated by more than one branch of the facial nerve (Oliveira et al. 1988 ).
The musculotopic organization of the 7Mot of primates has been studied in Old World monkeys only (Jenny & Saper, 1987; Satoda et al. 1987; Welt & Abbs, 1990) . Thus, new investigations involving other primate genera are necessary to provide a more complete comparative basis.
No literature regarding the musculotopic organization of the 7Mot in New World monkeys is available thus far.
The evolutionary history of this group of primates is still unclear and subject to disagreement, but it has been accepted that they have evolved independently from Old World monkeys over a period of 35 million years (Ciochon & Chiarelli, 1980; Goodman et al. 1998; Schneider et al. 2001) . The effect of this parallel evolution on the organization of neural systems remains unclear and therefore studies on the neural organization of New World primates are needed. Capuchin monkeys ( Cebus apella ) are a good experimental model because they belong to the group of New World monkeys and show a very rich repertoire of vocalization and facial expression (Weigel, 1979) . Therefore, the objective of the present investigation was to analyse the cytoarchitecture and musculotopic organization of the 7Mot of capuchin monkeys by histological staining techniques and retrograde transport of neuroanatomical tracers injected directly into the muscles of facial expression. This tracer was chosen because of its high sensitivity even when applied in small volumes, which prevents contamination of neighboring structures (Trojanowski et al. 1982; Wan et al. 1982) . The wheat germ agglutinin-HRP conjugate (WGA-HRP, Sigma #L7017) possesses properties similar to CTB-HRP and was used in one case.
Materials and methods

Animals
In two cases, multiple labelling experiments were carried out using the fluorescent tracers Diamidino yellow (Sigma #D0281) and Fast blue (Sigma #F5756), which were injected 13 days before the HRP conjugates. The aim of these experiments was to confirm the musculotopic organization and to determine the existence of doublelabelled motoneurons.
Because the 7Mot innervates ipsilaterally the muscles of facial expression (Jenny & Saper, 1987; Satoda et al. 1987; Welt & Abbs, 1990) on each side of the animal's face corresponded to a different experiment, thus reducing the number of animals used in this study.
Tissue processing
Forty-eight hours after injection of both HRP conjugates, the animals were deeply anesthetized with sodium thiopental (45 mg kg − 1 , i.p.) and perfused through the heart with 0.9% saline, followed by perfusion of the fixative and, finally, 5% glycerol solution at 4 ° C. In the HRP experiments, 2.5% glutaraldehyde and 1% paraformaldehyde were used as fixative, whereas in the fluorescent tracer experiments 1.5% paraformaldehyde and 0.5% glutaraldehyde were used as fixative (Cavada et al. 1984) . In both cases, all solutions were prepared in 0.1 M phosphate buffer (PB), pH 7.3.
The brains were removed from the skull and cut into blocks. The blocks were then placed in a cryoprotective solution containing 10% glycerol and 2% dimethylsulphoxide (DMSO) in 0.1 M PB, pH 7.3, at 4 ° C. After 3 days, the blocks were transferred to a similar solution but with an increased concentration of glycerol (20%) and incubated for four additional days according to the method of Rosene et al. (1986) . The blocks were then frozen, cut into 30-µ m-thick cross-sections, and stored in 0.1 M PB, pH 7.3. In all experiments, one series of sections was stained with thionin for reference and two other series were submitted to HRP histochemistry using tetramethylbenzidine as chromogen (Mesulam, 1978 (Mesulam, , 1982 . One of the HRP series was stained with 1% neutral red. In the fluorescent tracer experiments two series were collected for study and photodocumentation.
Two additional brainstems obtained from previously perfused animals and stored in buffered formalin were embedded in Paraplast, cut into 7-µ m-thick cross-sections and stained with thionin for cytoarchitectonic analysis.
Nomenclature
To facilitate comparisons between the monkey and human brain, the structures related to the 7Mot are named according to the NeuroNames Brain Hierarchy and Template Atlas of the Macaque Brain (Bowden & Martin, 1995; Martin & Bowden, 1996) .
Data analysis
All specimens were studied and photographed under an epifluorescence light microscope (Aristoplan, Leica Instruments) equipped with a digitizing system (Microscope Digitizer System MD3, Minnesota Datametrics
Inc.) that captures the microscope stage movements and transforms them into cartesian x and y coordinates through readout heads coupled to a personal computer.
The cytoarchitectonic limits of the 7Mot and the retrogradely labelled motoneurons were plotted using animals, the data were normalized using the total length of the nucleus as 100% for each animal. The thionin-stained sections were studied under a stereomicroscope (Citoval II, Carl Zeiss). The external limit of the section, of the 7Mot and its subnuclei, and of the main surrounding elements were drawn using a camera lucida. The drawings were digitized with a table scanner and transferred to the CorelDRAW 10 software.
All line artwork was scaled down, arranged into plates and printed, without further alteration, on a highresolution (1200 dpi) laser printer.
Results 7Mot cytoarchitecture
The 7Mot of capuchin monkeys was located in the ventrolateral portion of the brainstem and was easily distinguishable from the surrounding structures at the transition between the pons and medulla oblongata. It measured on average 1875 µ m along the rostrocaudal axis and extended from the caudal pole of the medial superior olivary nucleus to the inferior olivary complex (Fig. 1 ). Its widest cross-sectional diameter, on average 1730 µ m, was found in the middle third.
In cross-section, the 7Mot showed an ovoid to triangular shape with the long axis directed from the ventrolateral to the dorsomedial portion. The nucleus consisted of typical motoneurons ( Fig. 2 ) grouped into In this case, the intermediate subnucleus was mainly fused to the dorsal subnucleus, which comprised its ventrolateral portion, although fusions with the lateral subnucleus were also frequent. In some cases, depending on the level of sectioning, fusion occurred between the dorsal, medial and intermediate subnuclei (Fig. 1) .
The accessory facial nucleus was situated at the medial aspect of the descending root of the facial nerve dorsally and medially to the rostral pole of the 7Mot (7a in Fig. 1 , section 105). As observed in cats and rabbits (Taber, 1961; Van Loveren et al. 1983; Davis & Nail, 1984) , the 7Mot continues caudally into the retrofacial nucleus, a rostral portion of the ambiguus nucleus (Taber, 1961) .
7Mot musculotopic organization
Injection of the neuroanatomical tracers into the muscles analysed resulted in the formation of columns of retrogradely labelled motoneurons in the 7Mot. These functional columns extended rostrocaudally, sometimes in a discontinuous manner, with constant lateromedial and dorsoventral coordinates (Fig. 4) . Groups of functionally related muscles showed adjacent or overlapping columns. For the muscles studied, the functional columns varied in rostrocaudal length from 58.4 to 95% of the total 7Mot length ( Fig. 5 and there had been no spread of neuroanatomical tracers into the surrounding facial structures.
The functional columns of the zygomaticus and platysma muscles were found to be located in the intermediate subnucleus (Fig. 4) . The column of the platysma muscle was the most ventral and longest of all This column showed the largest number of retrogradely labelled neurons, preferentially positioned in the caudal half. This labelling pattern was confirmed in three experiments using different types and quantities of the tracer, thus excluding the possibility of a technical artefact (Table 1) . After injection of the neuroanatomical tracer into the LELSAN, retrogradely labelled motoneurons were observed in the dorsal subnucleus, dorsomedial portion of the lateral subnucleus and, occasionally, in the laterodorsal portion of the medial subnucleus (Fig. 4) .
In this muscle, we reduced as much as possible the amount of tracer injected in order to minimize diffusion.
The multiple labelling experiments using fluorescent retrograde tracers confirmed the musculotopic pattern described above, although a smaller number of retrogradely labelled motoneurons was observed compared with the HRP conjugate experiments. No double-labelled neurons were detected (Fig. 7) . It should be emphasized that we did not find the 'aberrant' motoneurons described for the motor nucleus of the trigeminal nerve (Mizuno et al. 1981; Jacquin et al. 1983; Lynch, 1985) . These 'aberrant' cells are displaced motoneurons of one muscle found in the pool of another or in overlapping regions between two subnuclei. Displaced motoneurons may have axons that bifurcate into two or more muscles, with obvious functional implications. In the case of the Cebus facial motor system, our HRP conjugate 
Discussion
In the present study we describe the architecture and dorsoventrally in the face maintain the same dorsoventral arrangement in the nucleus (Fig. 8 ).
As reported in previous studies (Radpour, 1977; Radpour & Gacek, 1980; Shaw & Baker, 1985; Welt & Abbs, 1990) , regardless of whether the tracer was injected throughout the whole surface of the muscle or only into part of it, the entire functional column corresponding to this muscle was labelled, with variations being observed only in the number of labelled cells but not in the position or length of the functional column.
Cytoarchitecture
The present cytoarchitectonic study revealed similarities between the 7Mot of primates and the facial motor nucleus of other species, except for a mild rotation of the nucleus as also observed in humans (Van Buskirk, 1945) . The criterion for the subdivision of the 7Mot was the same as that used in previous studies (Courville, 1966; Jenny & Saper, 1987; Prats-Galino et al. 1988) , which recognized areas of higher or lower neuronal density eventually separated by cell-poor bundles. We divided the C. apella 7Mot into four subnuclei, i.e. lateral, intermediate, medial and dorsal. This subdivision is similar to that reported for cats (Papez, 1927) , dogs (Vraa-Jensen, 1942) and Old World monkeys (Jenny & Saper, 1987) , but shows an increased dorsal subnucleus and reduced intermediate and medial subnuclei.
Individualization of the 7Mot subnuclei was fundamentally possible in the middle third of the nucleus.
Partial fusion of the subnuclei at other levels has also been reported for dogs, humans (Van Buskirk, 1945 ) and monkeys (Welt & Abbs, 1990) . Despite the difficulty in subnucleus individualization, the lateral subnucleus could be easily distinguished from the other nuclei based on the presence of a poorly cellular nervous tissue bundle, which separated this subnucleus from the other subnuclei (Fig. 3) . This characteristic has been previously described in cats by Shaw & Baker (1985) .
Our results show that the caudal pole of the 7Mot is formed by the lateral subnucleus (Fig. 3H ), in agreement with observations made in Macaca fascicularis (Welt & Abbs, 1990 ) and humans (Van Buskirk, 1945) . In the cat and dog, the caudal pole is formed by subnuclei from the lateral and dorsal region of the 7Mot (Van Buskirk, 1945; Prats-Galino et al. 1988 ).
The rostral pole of the 7Mot of capuchin monkeys is made up of the dorsal subnucleus, as also observed in other monkeys and in dogs (Jenny & Saper, 1987; PratsGalino et al. 1988; Welt & Abbs, 1990) . In humans, the rostral pole is formed by fusion of the dorsal, medial and intermediate subnuclei (Van Buskirk, 1945) .
In studies conducted on non-human primates (Jenny & Saper, 1987; Satoda et al. 1987; Welt & Abbs, 1990) and humans (Van Buskirk, 1945; Pearson, 1946) , the lateral subnucleus was the most developed of all subnuclei. However, in capuchin monkeys, the lateral subnucleus shared this position with the also highly developed dorsal subnucleus (Fig. 3) .
With respect to the rostrocaudal length of the 7Mot in C. apella , our results agree with those reported for M. fascicularis (Jenny & Saper, 1987; Welt & Abbs, 1990 ), but disagree with those described by Welt & Abbs (1990) in terms of the number of subnuclei. This difference might be due to the cytoarchitectonic criterion used by these authors, which took into account neuronal size.
Musculotopic organization
Our results indicate a clear musculotopic organization in the 7Mot, with individual muscles being innervated by longitudinal functional columns of motoneurons.
This pattern resembles those obtained in studies carried out on other species and therefore represents a general pattern among various mammalian species. Our results confirm the existence of only one functional column of the orbicularis oculi muscle, as also observed for the orbicularis oris, confirming previous results obtained in rabbits (Shaw & Baker, 1985) and primates (Welt & Abbs, 1990) .
All the labelled neurons were located in the 7Mot (Fig. 6) . The absence of labelled cells in other brainstem motor nuclei is an adequate indication of the precision of our neuroanatomical tracer injections. Only in one experiment did we find a few labelled neurons in the trigeminal motor nucleus. According to musculotopic studies involving masticatory muscles (Mizuno et al. 1981; Jacquin et al. 1983) , the retrogradely labelled neurons observed were located in the representation zone of the temporal muscle. This finding can be explained by the fact that in this case the neuroanatomical tracer was injected into the superior auricular muscle, which shows a direct topographical relationship with the temporal muscle.
The functional column of the platysma muscle was more extensive in C. apella than in M. fascicularis , a finding probably related to the functional attributions of the platysma muscle, which replaces the missing mentalis muscle in C. apella (Niccoli-Filho et al. 1986 ).
The mentalis muscle is present in M. fascicularis and shows an extensive functional column (Welt & Abbs, 1990 ).
Scattered labelled neurons were observed after injection of the tracer into the LELSAN (Fig. 4) In the present study, no retrogradely labelled cells were observed in the mesencephalic trigeminal nucleus.
This fact might be related to the apparent absence of muscle spindles in the facial musculature of monkeys (Sufit et al. 1984) , or to the inability of the neuroanatomical tracer to reveal effectively the proprioceptive innervation. The latter possibility is highly unlikely because different types of neuroanatomical tracers were used, which, when injected into the trigeminal musculature, caused efficient labelling of the mesencephalic trigeminal nucleus (Jacquin et al. 1983 ). In addition, previous studies have indicated that the proprioceptive mechanisms in the facial musculature are related to the activation of skin mechanoreceptors (Lindquist, 1970) .
Differences were observed between the present results and those obtained in studies in which the tracer was directly injected into the branches of the facial nerve (Jenny & Saper, 1987; Satoda et al. 1987; Tsai et al. 1993 ). However, if we interpret the group of retrogradely labelled cells obtained after application of the tracer to one nervous branch as the sum of functional motoneuron columns of the muscles innervated by this branch, similarities between the results are noted. In fact, a more scattered labelling was observed when the tracer was applied to one branch of the facial nerve than when it was injected into an individual muscle (Tsai et al. 1993) .
Relationship between cytoarchitecture, musculotopic organization and ontogenetic perspective
Despite the existence of an interspecies-specific general pattern of musculotopic organization for the 7Mot, comparison of the results was sometimes difficult owing to differences in the cytoarchitectonic subdivisions of the 7Mot and the lack of uniformity in the terminology used to describe them. The variations in the architectonic pattern among different species are mainly due to the relative size of each subnucleus. This aspect seems to suffer functional influences, reflecting behavioral adaptation and the particular importance of the muscles of facial expression for the individual (Courville, 1966; Kume et al. 1978; Friauf & Herbert, 1985; Semba & Egger, 1986; Satoda et al. 1987) . For example, the medial subnucleus, in which the functional column of the muscles related to the ear is found, shows a similar location in all mammals studied thus far. However, in animals in which ear movement is more important from a functional viewpoint, such as bats, cats and dogs, the medial subnucleus is larger than in other animals (Van Buskirk, 1945; Friauf & Herbert, 1985) . Likewise, the nuclear representation of the perioral musculature is proportionally larger in species in which the snout (due to movement of the vibrissae) or mouth (due to facial expression and vocalization) became functionally important structures (Dubner et al. 1978; Jenny & Saper, 1987; Satoda et al. 1987 ). This principle of organization is also maintained in humans, in which the muscles of facial expression reached the highest degree of development, permitting the occurrence of elaborate facial expressions and more complex vocalizations. In C. apella , the functional column related to the frontalis muscle showed the largest number of retrogradely labelled neurons regardless of whether a larger (case M12, Table 1 ) or smaller (case M14) volume of the tracer was injected. Thus, the representation of the frontalis muscle is greater in capuchin monkeys than in other species and even than in M. fascicularis (Welt & Abbs, 1990 ). This particularity of C. apella is probably related to the constant elevation of the forehead and supercilia during facial expression, which is not common among other primates or within the same genus (Weigel, 1979; Freese & Oppenheimer, 1981) .
From an ontogenetic perspective, the musculotopic organization of the 7Mot that emerged in this study does not seem to confirm the ontogeny of the facial musculature described for other species (Provis, 1977; Hinrichsen & Watson, 1984; Baisden et al. 1987) . According to these studies, the 7Mot is organized in such a way that the muscles derived from the sphincter colli profundus are represented laterally and those derived from the platysma layer are represented medially. In C. apella , the functional columns of the auricularis superior and frontalis muscles, derived from the sphincter colli profundus (Huber & Hughson, 1926; Huber, 1961) , lie in the medial subnucleus (Fig. 4) . In addition, the neurons that innervate the platysma muscle, derived from the platysma layer, are located in the intermediate subnucleus. Previous studies have indicated that, although ontogenetic and phylogenetic factors provide an initial general position in relation to the motor nuclei and subnuclei, environmental factors (Moody & Heaton, 1983a,b,c; Studer, 2001 ) and molecular signalling between neuroblasts and their targets during the initial stages of development seem to be decisive for the final morphology and position of the motoneurons (Ashwell & Watson, 1983; Goffinet, 1990; Brennan et al. 1996; Widmer et al. 1998 ).
On the other hand, our results support the hypothesis raised for humans by Jacobs (1970) and Brown (1990) that those neuroblasts that first complete their differentiation and cease migration are the first to become functional. The migration of facial neuroblasts in the midline neuroepithelium occurs along a diagonal axis from the rostral dorsomedial to the caudal ventrolateral position (Jacobs, 1970; Auclair et al. 1996; Swanson et al. 1999) . Therefore, we may expect to find that groups of motoneurons, which differentiate and become functional at different times, are arranged along this migration axis. In the fetus, the first reflexes involving the musculature innervated by the facial nerve are related to the posterior venter of the digastric muscle, followed by those related to the orbicularis oculi and orbicularis oris muscles (Dubner et al. 1978 ).
In C. apella , the accessory facial nucleus is found at a dorsomedial position in relation to the rostral pole of the 7Mot. This nucleus is responsible for the innervation of the posterior venter of the digastric muscle (Szentágothai, 1948; Matsuda et al. 1979; Shohara & Sakai, 1983; Komiyama et al. 1984; Semba & Egger, 1986; Uemura-Sumi et al. 1991 ). The dorsal subnucleus, which harbours the functional column of the orbicularis oculi, is located ventrolaterally to the accessory facial nucleus, following this hypothetical diagonal axis.
Finally, the subnucleus that harbours the column of the orbicularis oris occupies a more ventrolateral position, a fact that agrees with the later occurrence of reflexes related to the perioral musculature (Jacobs, 1970; Dubner et al. 1978) . 
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